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Avian influenza A H5N1 viruses were isolated from humans for the first time in Hong Kong in 1997. The virulence of A/Hong
Kong/156/97 (HK156) strain in mice was found to change significantly depending on the passage history of the virus.
Madin-Darby canine kidney (MDCK) cell-grown parental virus and three of its clones derived from mouse brain showed high
pathogenicity in mice after intranasal or intracerebral infection. In contrast, the egg-derived parental virus HK156-E3 and its
cloned viruses were markedly less pathogenic in mice. It appeared that differences in pathogenicity among viruses derived
from MDCK cells and eggs were due to their ability or inability to disseminate from the lungs to the brain. Sequence analysis
of the entire protein coding regions of all eight RNA genome segments revealed a total of six conserved amino acid
differences in the HA1 domain (residue 211) of the HA protein, as well as the PB1 (residues 456 and 712), PA (residue 631),
NP (residue 127), and NS1 (residue 101) proteins that correlated with observed changes in virulence and neurovirulence of
HK156 virus in mice. Thus it was evident that the passaging of HK156 in embryonated eggs led to the adaptation and
selection of variants demonstrating markedly decreased pathogenicity and neurovirulence in mice that appeared to be
attributable to specific amino acid changes in the HA and internal proteins. © 2000 Academic Press
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Influenza A H5N1 virus appeared suddenly in humans
in Hong Kong in 1997, causing a sensation among public
health authorities around the world (de Jong et al., 1997).
espite inefficient human-to-human transmission, this
irus was highly pathogenic (33% mortality rate), with all
eaths diagnosed in patients with multiorgan failure,
uggesting systemic spread of the virus (MMWR, 1997,
998; Yuen et al., 1998). For instance, A/Hong Kong/
56/97 (HK156) influenza A virus caused a fatal infection
n a 3-year-old boy who developed Reyes’ syndrome and
ultiorgan failure (Yuen et al., 1998). Phylogenetic anal-
sis of human isolates suggested that all gene segments
riginated from an avian virus (Claas et al., 1998; Suarez
t al., 1998). These viruses were also characterized by
ultiple basic amino acids adjacent to the cleavage site
f the hemagglutinin (HA) (Claas et al., 1998; Subbarao et
l., 1998), which have been reported to be critical deter-
inants for virulence in chickens (Kawaoka and Webster,
988). Although it is still uncertain as to whether the
xistence of multiple basic amino acids plays a role in
irulence in humans and nonhuman mammals, Hong
ong H5N1 viruses, including HK156, have been re-
orted to cause fatal infection in mice (Gao et al., 1999;
Gubareva et al., 1998; Lu et al., 1999; Shortridge et al.,
1998).g
v
1 To whom reprint requests should be addressed. Fax: 81-3-5285-
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429Because human influenza viruses are generally non-
pathogenic in mice, mouse-adapted human influenza A
virus has been used to analyze mechanisms of virulence
or neurovirulence under experimental conditions. From a
series of analyses, it has been concluded that virulence
factors in mice involve not only the HA but also other
genes (reviewed by Ward, 1997). It was therefore signif-
icant that HK156 virus was shown to cause lethal infec-
tion in mice without prior adaptation in mice (Gao et al.,
1999; Lu et al., 1999; Shortridge et al., 1998).
HK156 virus was originally isolated in Madin-Darby
canine kidney (MDCK), and subsequent passages have
been performed in the above cultured cells (Subbarao et
al., 1998). It has been shown that influenza viruses may
be affected by the culture system (Gubareva et al., 1998;
to et al., 1997b; Katz et al., 1987; Meyer et al., 1993). For
instance, after growth adaptation of influenza virus in
different host systems, specific amino acid changes in
the HA molecule have been observed in the HA mole-
cule, mainly around the receptor binding site (Gubareva
et al., 1998; Ito et al., 1997b; Katz et al., 1987; Meyer et al.,
993). Even though it is well known that the HA plays an
mportant role in host specificity of influenza virus (Naeve
t al., 1984; Vines et al., 1998), it has been reported that
K156 and chicken H5N1 viruses isolated in Hong Kong
ossessed an HA with receptor specificity typical of
vian viruses (Matrosovich et al., 1999).
In this study, we used a mouse model to compare the
rowth characteristics as well as the virulence of two
ariants of HK156 with different passage histories that
0042-6822/00 $35.00
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430 HIROMOTO ET AL.were propagated in MDCK cells or embryonated hens’
eggs, respectively. In the present study, we describe the
attenuation of HK156 virus through passaging in eggs
and investigate possible mechanisms of attenuation us-
ing cloned viruses demonstrating high and low virulence
in mice.
RESULTS
Attenuation of MDCK-derived HK156 virus in mice
through passage in embryonated eggs
To compare the relative virulence of viruses with
different passage histories, groups of mice were inoc-
ulated intranasally (i.n.) with 2 3 105 plaque-forming
nits (pfu) of each virus passaged in MDCK cells
r embryonated eggs and monitored for 14 days.
s shown in Fig. 1a, MDCK-derived parental virus
HK156-CK) caused lethal infection in mice that dem-
nstrated 0% survival by day 7 postinfection (p.i.). This
as in contrast to mice infected with egg-passaged
irus (HK156-E3) that showed 80% survival at day 8 p.i.
nd 40% survival after day 12 p.i. Observed differences
n pathogenicity between these two viruses was sup-
orted by contrasting survival rates among mice after
ntracerebral (i.c.) infection (Fig. 1b). In fact, mice in-
ected i.c. with HK156-CK showed 0% survival at day
p.i., whereas whose infected with HK156-E3 demon-
trated 100% survival after 14 days p.i.
ifferences in tissue tropism between HK156-CK and
K156-E3
Differences among survival rates after i.n. or i.c. infec-
ion by HK156-CK and HK156-E3 led us to investigate the
rowth characteristics of these viruses in the lungs,
rain, liver, and kidney of mice (Table 1). After i.n. inoc-
lation, virus was detected on day 2 p.i. in the lungs of
ne mouse infected with HK156-CK. On day 4 p.i., both
iruses were found to replicate in the lungs, although
K156-E3 titers were lower than those of HK156-CK.
lthough virus was isolated at low titers from the liver
nd kidney of one mouse infected with HK156-E3 strain
t day 4 p.i., virus could no longer be detected from these
rgans at day 6 p.i. However, differences in tissue tro-
ism of both viruses became particularly apparent at day
p.i., when approximately 103 pfu/ml virus was isolated
from the brain of two mice infected with HK156-CK. In
contrast, virus could not be detected from the brain of
mice infected with HK156-E3.
To investigate the ability of both viruses to replicate in
mouse brain, mice were infected i.c. with 1 3 104 pfu of
virus and examined on day 4 p.i. (Table 2). Interestingly,
both viruses were found to replicate in mouse brain,
although virus titers of HK156-E3 infected mice were
approximately 2 log units lower than those infected with
HK156-CK. To confirm that isolation of virus from brainwas not a reflection of surviving residual virus inoculate,
mice were also infected i.c. with a non-neurovirulent
human H3N2 virus (Aichi68). Subsequently, Aichi68 was
not detected in the brain of mice, indicating that virus
titers of the above pathogenic and low pathogenic vi-
ruses reflected the replication of these viruses in mouse
brain.
Growth behavior of viruses in tissue culture and eggs
FIG. 1. Survival rates of ddY mice infected with HK156-CK or HK156-
E3. Groups of five mice were infected i.n. with 2 3 105 pfu (a) and i.c.
with 1 3 104 pfu (b).To understand observed variability among high and
low virulent populations of HK156, viruses isolated on
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431HIGHLY PATHOGENIC A/HONG KONG/156/97 (H5N1) VIRUSday 6 p.i. from the brain of mice infected i.n. with
HK156-CK (Table 3) were cloned in MDCK cells (B1-1-1,
B1-1-2, and B3-1-1). Similarly, low pathogenic egg-de-
rived virus HK156-E3 was cloned in chick embryo (CE)
cells (L7-4-1 and D5-7-1). Biological differences of paren-
tal viruses HK156-CK and HK156-E3 and their respective
clones were then compared by determining infectivities
in MDCK cells and embryonated eggs (Table 3).
Despite different passage histories of the viruses, all
viruses showed similar infectivities in MDCK cells based
on virus titers. However, it was noticeable that the sizes
of the plaques formed by the viruses tended to vary. For
instance, parental virus HK156-CK virus and virus clones
of mouse brain isolates, B1-1-1, B1-1-2, and B3-1-1, pro-
duced pinpoint and/or medium-sized plaques, whereas
HK156-E3 clones (L7-4-1 and D5-7-1) produced only me-
dium-size plaques. Furthermore, all viruses demon-
strated comparable infectivities in embryonated hens’
eggs (EID50) ranging from titers of 10
7.5 to 108.2 pfu/ml. It
as thus apparent that even after repeated passaging
nd cloning of HK156 virus in distinct host systems, there
TABLE 1
Comparative Analysis of HK156 in Mouse Organs
after i.n. Infectiona
Days p.i. Virus
Virus infectivity (log10 pfu/ml)
Lung Brain Liver Kidney
2 HK156-CK 6.7/2b 2/2 2/2 2/2
B1-1-1 6.0/6.6 2/2 2/2 2/2
B1-1-2 6.9/7.2 2/2 2/2 2/2
B3-1-1 5.9/6.5 2.1/1.5 2/2 2/2
HK156-E3 2/2 2/2 2/2 2/2
L7-4-1 0.7/4.7 2/2 2/2 2/2
D5-7-1 5.0/5.1 2/2 2/2 2/2
4 HK156-CK 5.8/6.2 2/2 2/2 2/2
B1-1-1 6.3/6.5 1.3/1.7 2/2 2/2
B1-1-2 6.0/6.8 1.4/1.6 2/2 2/2
B3-1-1 6.6/6.8 2.7/2.7 2/2 2/2
HK156-E3 5.3/5.4 2/2 2.5/2 1.0/2
L7-4-1 5.4/5.4 2/2 2/2 2/2
D5-7-1 4.4/4.9 2/2 2/2 2/2
6 HK156-CK 4.5/4.9 3.3/3.1 2/2 2/1.2
B1-1-1 NDc ND ND ND
B1-1-2 ND ND ND ND
B3-1-1 ND ND ND ND
HK156-E3 3.5/4.0 2/2 2/2 2/2
L7-4-1 4.8/5.0 2/2 2/2 2/2
D5-7-1 4.2/4.3 2/2 2/2 2/2
a Mice were infected with i.n. 2 3 105 pfu of each virus. To determine
virus titers, two mice were sacrificed on days 2, 4, and 6 p.i. Virus titers
were determined by plaque assay in MDCK cells in the presence of
trypsin.
b 2, virus titer less than 10 pfu/ml.
c ND, not determined.ere no appreciable differences in infectivity of these
iruses in embryonated eggs or MDCK cells.irulence of cloned viruses in eggs and mice
As shown in Table 3, although all viruses grew well in
mbryonated eggs and showed comparable infectivities
EID50), their virulence in eggs varied considerably. It was
pparent that ELD50 titers of brain-derived clones (4.0 3
102, 1.0 3 104, and 6.0 3 103) were much higher than
those of HK156-CK (0.6) and egg-derived viruses (L7-4-1
and D5-7-1) (0.2). Similarly, virulence of brain-derived
virus clones in mice was found to contrast markedly with
that of egg-derived virus clones. Clones B1-1-1, B1-1-2,
and B3-1-1, which demonstrated low pathogenicity in
eggs, showed MLD50 values of 3.2 pfu, 250-fold higher
than that of HK156-CK (Table 3). Moreover, it was shown
that virulence of HK156-E3 cloned viruses in mice (.2 3
105 pfu) was appreciably lower than that of parental
HK156-CK virus. Furthermore, brain-derived clones were
clearly more pathogenic in mice than other HK156-CK
clones after i.n. or i.c. infection (Fig. 2). For example,
although all mice infected i.n. or i.c. with brain-derived
viruses died by day 7 or 8 p.i., all mice infected i.n. with
HK156-E3 clones survived, whereas those infected i.c.
with 1 3 104 pfu showed 60–80% survival (Fig. 2).
Differences in tissue tropism of cloned viruses
Virus isolation from internal organs of mice infected
i.n. (Table 1) revealed that all virus clones examined
could replicate in the lungs early as 2 days p.i. Although
egg-derived clones appeared to grow more efficiently at
day 2 p.i. than their parental strain (HK156-E3), all egg-
derived strains grew to similar titers by day 4 p.i. Also,
brain-derived clones generally appeared to grow to
higher titers than clones derived from eggs. In particular,
TABLE 2
Infectivity of HK156 Viruses Used in the Study in Mouse Brain
after i.c. Inoculationa
Virus
Virus titer (log10 pfu/ml) in mouse brain
on days p.i.
2 4 6
K156-CK NDb 4.2/4.3 ND
1-1-1 4.3/4.3 4.7/5.0 ND
1-1-2 3.5/4.7 5.2/5.3 ND
3-1-1 4.2/4.7 4.9/5.0 ND
K156-E3 ND 2.5/2.6 ND
7-4-1 2.7/3.2 3.5/4.5 1.2/2.7
5-7-1 3.2/3.2 3.5/3.7 2c/3.1
Aichi68d ND 2/2 ND
a Two mice were infected i.c. with 1 3 104 pfu of each virus. After 2,
, and 6 days p.i., mouse brain were collected and virus titers were
etermined by plaque assay in MDCK cells in the presence of trypsin.
b ND, not determined.
c 2, virus titer less than 10 pfu/ml.
d Aichi68 was used as a negative control as a non-neurovirulent
virus.
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432 HIROMOTO ET AL.marked variability in growth levels of these viruses in
brain tissue was observed. In fact, the growth of one
clone was detected as early as day 2 p.i., and all high
pathogenic clones were isolated from brain tissue by day
4 p.i. In contrast, growth of low pathogenic clones could
not be detected in the brain of infected mice.
Because considerable variability among lung virus ti-
ters in mice infected with cloned viruses were observed,
an additional experiment was undertaken to better char-
acterize the growth profiles of cloned viruses in mouse
lung. Ten mice were infected i.n. with 2 3 105 pfu of each
lone and examined at 4 days p.i. (Fig. 3). Brain-derived
lones, B1-1-1 and B1-1-2, consistently grew to high
evels with mean titers (log10 6 log10SD pfu/ml) of 6.0 6
.3 and 6.0 6 0.2 pfu/ml, respectively, whereas egg-
derived clones, L7-4-1 and D5-7-1, grew to appreciably
lower mean titers of 3.2 6 2.1 and 4.1 6 1.3 pfu/ml,
espectively. However, consistent with variable titers ob-
erved between two mice infected with egg-derived
lone L7-4-1, at 2 days p.i. (Table 1), titers of clones
7-4-1 and D5-7-1 were found to vary considerably, rang-
ng from ,101 pfu/ml to approximately 105 pfu/ml (Fig. 3).
Nevertheless, observed growth differences between
high virulent (B1-1-1 and B1-1-2) and low virulent (L7-4-1
and D5-7-1) cloned viruses in mouse lung were signifi-
cant (P , 0.01).
Similar to parental strains HK156-CK and HK156-E3,
all brain- and egg-derived clones were shown to grow
in mouse brain after i.c. inoculation (Table 2). These
results indicated that although egg-derived clones did
not demonstrate neurotropic growth after i.n. infection,
T
Comparison of Growth Characteristics and Virulence
Virus Passage historya
Plaque siz
in MDCK ce
Pathogenic in mice
HK156-CK MX/M2 Pinpoint (30
Medium (70
Mouse brain clone
B1-1-1 MX/Ms1M4 Pinpoint (74
Medium (26
B1-1-2 MX/Ms1M4 Pinpoint
B3-1-1 MX/Ms1M4 Medium
Less pathogenic in mice
HK156-E3 MX/M1E3 Medium
HK156-E3 clone
L7-4-1 MX/M1E3C3E1 Medium
D5-7-1 MX/M1E3C3E1 Medium
a Passage history in Hong Kong/our laboratory. MX, MDCK cells (pas
he number indicates the number of passages. Method for virus clon
b Pinpoint plaque formed ,1 mm in diameter; medium plaque formethese viruses retained their ability to replicate in
mouse brain.
b
sNucleotide and amino acid sequence analysis of
HK156 variants
Sequence analysis of the entire genome of HK156-CK
was undertaken to understand the genetic basis of ob-
served variable plaque morphology (pinpoint and me-
dium) in MDCK cells. As shown in Table 4, HK156-CK
parental virus contained at least two variant populations;
two nucleotides were confirmed at two positions in the
HA gene and at one position in the PB1 gene, all of which
coded for amino acid substitutions. Ser and Asn residues
were observed at position 155, whereas Pro and Thr
residues were apparent at position 211 of the HA1 do-
main of the HA protein. Similarly, position 17 of the PB1
protein consisted of an Ala and an Asp residue. Subse-
quently, nucleotide sequences of the HA gene of a total
of 18 cloned viruses were determined to understand
whether the above amino acid pairs were conserved at
similar positions (data not shown). It was found that 11 of
the cloned viruses contained Ser at position 155 of the
HA1 domain, whereas the remaining 7 contained Asn at
the same position. Also, seven viruses possessed Pro at
position 211, although the remaining viruses possessed
Thr at the same position. Passaging of HK156-CK in
embryonated hens’ eggs (HK156-E3) appeared to select
for a dominant virus that contained single amino acid
residues at positions 155 (Ser) and 211 (Thr) of HA1
domain as well as at position 17 (Ala) of the PB1 protein.
Furthermore, additional conserved amino acid substitu-
tions were confirmed in the NS1 (Asp1013Asn) and PB2
(Asn7013Asp) proteins.
To investigate which population of HK156-CK virus
156 Virus and Its Cloned Viruses Used in the Study
log10 pfu/ml
in MDCK cells
EID50
(log10/ml)
ELD50
(pfu)
MLD50
(pfu)
7.3 7.5 0.6 8.0 3 102
7.2 7.5 4.0 3 102 3.2
7.7 7.5 1.0 3 104 3.2
7.8 8.0 6.0 3 103 3.2
7.3 8.0 0.2 1.3 3 104
7.6 8.2 0.2 .2 3 105
7.8 8.0 0.2 .2 3 105
umber is unknown); M, MDCK cells; Ms, mouse; C, CE cells; E, eggs.
described in Materials and Methods.
mm in diameter.ABLE 3
of HK
e
llsb
%)
%)
%)
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sage necame dominant in mouse brain after i.n. infection, we
equenced the complete genome of these brain-derived
Db
i
433HIGHLY PATHOGENIC A/HONG KONG/156/97 (H5N1) VIRUSclones. Additionally, viral RNA was extracted from brain
homogenate of a mouse infected i.n. with HK156-CK at 6
days p.i., and the complete HA and NS and partial PB1,
PB2, PA, and NP genes were sequenced. It became
apparent that growth in mouse brain selected for Ser at
position 155 and for Pro at position 211 of the HA protein
as well as for Ala at position 17 of the PB1 protein.
Conserved amino acid substitutions were also revealed
in the PB1 (His4563Tyr and Ser7123Pro), PA (Gly6313Ser),
NP (Glu1273Lys), and PB2 (Asn7013Asp) proteins of all
FIG. 2. Survival rates of ddY mice infected with HK156-CK mousse-
rain clones and HK156-E3 cloned viruses. Groups of five mice were
nfected i.n. with 105 pfu (a) and i.c. with 1 3 104 pfu (b).brain-derived clones and sequences determined directly
from mouse brain tissue. It was noteworthy that aminoacid variability between brain-derived clones and
HK156-E3 cloned viruses was confirmed. All brain-de-
rived clones contained differences in the HA1 (Pro211
versus Thr211), NS (Asp101 versus Asn101), PB1 (Tyr456 ver-
sus His456/Pro712 versus Ser712), PA (Ser631 versus Gly631),
and NP (Lys127 versus Glu127) proteins. Additional spo-
radic amino acid changes were also observed in the NA
protein of HK156-E3 cloned viruses L7-4-1 (Ile54) and
5-7-1 (Arg83).
In agreement with previous characterization of a se-
ries of basic amino acids adjacent to the cleavage site of
the connecting peptide in the HA molecule of HK156
virus (Claas et al., 1998; Suarez et al., 1998; Subbarao et
al., 1998), all viruses examined in the present study
possessed these same basic amino acids. Thus results
suggested that changes in virulence of this virus in mice
are not dependent on the cleavability of HA protein but
possibly are due to other genetic changes.
DISCUSSION
Human H5N1 viruses are reported to have been a
direct transmission of an avian virus (Claas et al., 1998;
Suarez et al., 1998). HK156 strains have also been shown
to cause lethal infection in mice (Gao et al., 1999;
Gubareva et al., 1998; Lu et al., 1999; Shortridge et al.,
1998). This evidence led us to study the pathogenicity of
HK156 in a mouse model. As stated, we initially observed
that the pathogenicity of this virus was attenuated in
mice after a few passages in embryonated hens’ eggs.
HK156 is known to replicate in multiple organs (Gao et
al., 1999; Gubareva et al., 1998; Lu et al., 1999; Shortridge
et al., 1998) and to be highly virulent in mice. Lu et al.
(1999) reported that HK156 virus passaged only in eggs
FIG. 3. Replication of HK156-CK mouse brain clones and HK156-E3
cloned viruses in mouse lung after i.n. infection on day 4 p.i. Mice were
infected i.n. with 2 3 105 pfu of each virus. To determine virus titers in
lungs, 10 mice were sacrificed, and virus titers were determined by plaque
assay on MDCK cells in the presence of trypsin. *Differences of virus titers
between mice infected with brain-derived clones and those infected with
HK156-E3 clones (L7-4-1 or D5-5-1) were significant (P , 0.01).
434 HIROMOTO ET AL.was found to replicate in mouse brain and to cause
lethal infection in mice after i.n. infection. In the present
study, however, HK156-CK virus passaged in eggs be-
came less virulent in mice and could not be detected in
brain tissue after i.n. infection. A possible reason for
these contrasting results may be the independent selec-
tion of low and high virulent viruses from a mixed pop-
ulation through passaging in eggs. A direct comparison
of HK156 variants passaged in eggs by Lu et al. (1999)
and in our laboratory through an analysis of acquired
mutations in the genes of these viruses may help eluci-
date the mechanisms for apparent pathogenic variability.
It has been reported that plaque size of Hong Kong
H5N1 viruses in MDCK cells correlated with observed
pathogenic variability among these viruses in mice (Gao
et al., 1999). This correlation was also apparent in this
study as high pathogenic viruses in mice produced pin-
point and/or medium-size plaques, whereas less patho-
genic viruses produced only medium-size plaques. A
previous study suggested that amino acid residue 627 in
the PB2 protein of Hong Kong H5N1 viruses may be
associated with plaque formation in MDCK cells (Gao et
al., 1999). However, plaque heterogeneity among viruses
examined in this study did not appear to be associated
with changes at this position. Amino acid changes in the
HA1 (residue 211), PB1 (residues 456 and 712), PA (res-
idue 631), NP (residue 127), and NS1 (residue 101) pro-
teins were identified that may affect plaque formation in
MDCK cells. Nevertheless, it was unexpected to observe
that viruses B1-1-1, B1-1-2, and B3-1-1, which demon-
strated distinct plaque phenotypes and variable patho-
T
Comparison of Amino Acid Sequen
Virus
Ami
HA NS1
155 (464) 211 (631) 101 (301) 17 (50)
Pathogenic for mice
HK156-CK Ser (G)b Pro (C)b Asp (G) Ala (C)b
or or or
Asn (A) Thr (A) Asp (A)
B1-1-1 Ser (G) Pro (C) * Ala (C)
B1-1-2 Ser (G) Pro (C) * Ala (C)
B3-1-1 Ser (G) Pro (C) * Ala (C)
Mice brain homogenatec Ser (G) Pro (C) * Ala (C)d
Less pathogenic for mice
HK156-E3 Ser (G) Thr (A) Asn (A) Ala (C)
L7-4-1 Ser (G) Thr (A) Asn (A) Ala (C)
D5-7-1 Ser (G) Thr (A) Asn (A) Ala (C)
a No amino acid substitutions were found in M1, M2, or NS2 protein
b Mixture of nucleotides was observed in sequence gel image.
c Sequences were determined directly from mouse brain homogena
d Partial sequence was determined in this region.
e 2, not determined.genicity in eggs, contained identical protein amino acid
sequences. Because sequence analysis of these viruses vwas made after plaque assays and egg pathogenicity
experiments, it is not possible that variable viruses arose
after sequencing of their genomes. Mutation analyses of
viral RNA have shown that changes in the conserved
noncoding double-stranded region may affect virus in-
fectivity (Fodor et al., 1998). Although noncoding terminal
sequences were not compared in this study, the possi-
bility of mutations in this region may account for ob-
served growth differences among HK156 viruses.
HK156-CK (MDCK line) and its brain-derived clones
were detected in mouse brain after i.n. infection,
whereas egg-derived viruses were not. However, it was
noteworthy to reveal that this egg-derived virus and its
cloned viruses were able to replicate in brain after direct
i.c. infection. In contrast, HK156-CK and its brain-derived
cloned viruses grew well in brain after either i.n. or i.c.
infection. This evidence indicated that HK156-CK and its
brain-derived clones demonstrated a neurotropic pheno-
type that evidently allowed these viruses to migrate from
the lungs to the brain. On the other hand, despite dem-
onstrating limited replication and neurovirulence in mice
after i.c. infection, egg-passaged viruses appeared to
lose their capacity to disseminate from the lungs to the
brain.
How are these differences in virulence related to
changes in the structural and nonstructural proteins of
these viruses? Conserved amino acid differences in the
HA1 domain of the HA protein and internal PB1, PA, NP,
and NS1 proteins were identified between high and low
pathogenic viruses. Low pathogenic viruses showed
amino acid changes in the HA1 domain (Pro/Thr2113Thr)
101
HK156 Viruses Used in the Studya
at position (nucleotide at position)
PA NP PB2 NA
6) 712 (2134) 631 (1891) 127 (379) 701 (2101) 54 (161) 83 (248)
) Ser (T) Gly (G) Glu (G) Asn (A) Asn (A) Lys (A)
Pro (C) Ser (A) Lys (A) Asp (G) * *
Pro (C) Ser (A) Lys (A) Asp (G) * *
Pro (C) Ser (A) Lys (A) Asp (G) * *
d Pro (C)d Ser (A)d Lys (A)d Asp (G)d 2e 2
* * * Asp (G) * *
* * * Asp (G) Ile (T) *
* * * Asp (G) * Arg (G)
ntical amino acids.
ted i.n. with HK156-CK on 6 days p.i.ABLE 4
ces of
no acid
PB1
456 (136
His (C
Tyr (T)
Tyr (T)
Tyr (T)
Tyr (T)
*
*
*
s. *Ide
te infecand in the NS1 protein (Asp 3Asn). Indeed, HK156
iruses that possessed Thr211 in the HA1 domain and
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435HIGHLY PATHOGENIC A/HONG KONG/156/97 (H5N1) VIRUSAsn101 in the NS1 protein appeared to be less virulent in
mice after i.n. or i.c. infection. It has been reported that
biological heterogeneity among Hong Kong H5N1 vi-
ruses isolated from humans was observed based on
pathogenicity in a mouse model (Gao et al., 1999; Lu et
al., 1999). Because these viruses all possessed multiple
basic amino acids at the cleavage site of the HA protein
(Claas et al., 1998; Suarez et al., 1998; Subbarao et al.,
998), it was suggested that viral pathogenicity in mice
ppeared to be dependent on factors other than HA
leavability. Consistent with these reports, high and low
athogenic viruses analyzed in the present study all
ossessed multiple basic amino acids at the HA cleav-
ge site, suggesting that cleavability of the HA protein is
ot an essential determinant of pathogenicity in mice.
esults of sequence analysis in this study suggested
hat mutations at position 211 of the HA1 domain and/or
01 of the NS1 protein of HK156 virus correlated with
ttenuation of this virus in mice. Also, mutations in the
B1, PA, and NP proteins, which were also identified in
iral RNA extracted from mouse brain, may be associ-
ted with neurovirulence in mice.
Even though host cell-mediated variation has been
ell recognized as a selection mechanism for HA mu-
ants (Gubareva et al., 1998; Ito et al., 1997b; Katz et al.,
1987; Meyer et al., 1993), these mutations are known to
occur in the receptor-binding domain of the HA molecule.
The Thr at position 211 of the HA protein is a unique
feature of HK156-E3 among avian H5 influenza viruses,
including strains isolated from chickens (5 viruses) and
humans (16 viruses) from 1997 to 1998 in Hong Kong
(Bender et al., 1999; Claas et al., 1998; Suarez et al., 1998;
ubbarao et al., 1998). Also, in addition to all H5 HA
rotein sequences available from GenBank, 11 other HA
erotypes (H1, H2, H3, H4, H6, H7, H8, H9, H10, H11, and
12) (Nobusawa et al., 1991) were also found to possess
ro at this position. Based on the characterized structure
f the H3 HA molecule (Wilson et al., 1981), it was evident
hat amino acid residue 211 is located near the receptor-
inding region of the HA molecule. Philpott et al. (1990)
uggested that attenuation and altered cell tropism of
ighly pathogenic H5 avian virus in chickens were
aused by an escape mutation in the HA molecule (Phil-
ott et al., 1990). Although there were no considerable
ifferences of receptor specificity observed based on
emagglutination patterns among HK156 viruses with
rythrocytes from different animal species (data not
hown), a mutation at position 211 of the HA1 domain
ay alter the functionality of HA molecule or cell tropism.
Nevertheless, parental HK156-CK appeared to consist
f a mixed population of HA1 and PB1 proteins. Viruses
ontaining Ser155 and Pro211 in the HA1 domain became
dominant among viruses isolated from brain after i.n.
infection of HK156-CK. Additional amino acid changes
among brain isolates were also determined in the
PB1(His4563Tyr, Ser7123Pro), PA (Gly6313Ser), NPGlu1273Lys), and PB2 (Asn7013Asp) proteins. Mouse
rain-cloned viruses that possessed these amino acid
ubstitutions became more virulent in mice than the
arental HK156-CK strain. A comparison of amino acid
equences of high and low pathogenic viruses indicated
hat specific amino acid changes in the HA1 domain of
he HA protein (residue 211), as well as the PB1 (residues
56 and 712), PA (residue 631), and NP (residue 127)
roteins, appeared to correlate with adaptation and vir-
lence in mice. In addition, amino acid sequences of
rain homogenate of mouse infected i.n. with HK156-CK
uggested that amino acid changes in the PB1 (residues
56 and 712), PA (residue 631), and NP (residue 127)
roteins may be associated with neurovirulence in mice.
oreover, high pathogenicity of HK156-E3 and its clones
n eggs suggested that these amino acid residues may
lso be involved in virulence in chickens. Furthermore,
bserved pathogenic variability between HK156-E3 and
lones L7-4-1 and D5-7-1 appeared to be related to
poratic amino acid changes in the NA protein of L7-4-1
Ile54) and D5-7-1 (Arg83).
In this study, we revealed that passaging of HK156 in
ouse brain and embryonated eggs led to the selection
f high and low virulent variants in the mice model,
espectively. These variant phenotypes correlated with
pecific amino acid changes in the HA, PB1, PA, NP, and
S1 proteins, indicating that virulent phenotypes of
5N1 viruses were modified by the use of different cul-
ure systems. Further study on mutations in the HA pro-
ein as well as other proteins may provide evidence that
xplains the mechanisms of virulence or neurovirulence
f avian influenza virus in mice and other mammals.
MATERIALS AND METHODS
iruses and cells
MDCK cell-derived HK156 was kindly provided by Dr.
. Lim (Virus Unit, Queen Mary Hospital, Hong Kong).
eed viruses were prepared in either MDCK cells (37°C,
8 h) or allantoic cavities of 10-day-old embryonated
ens’ eggs (35°C, 48 h). Early human H3N2 A/Aichi/2/68
Aichi68) was propagated in allantoic cavities of 10-day-
ld embryonated hens’ eggs (34°C, 48 h). The 50% egg
nfectious dose (EID50) and egg lethal dose (ELD50) infec-
tivities were determined by inoculating serial 10-fold di-
lutions of virus into eggs followed by observation after a
4-day incubation. Cloned viruses B1-1-1, B1-1-2, and B3-
1-1 were prepared from mouse brain homogenates after
i.n. infection with HK156-CK, which were then plaque
purified three times in MDCK cells. These purified vi-
ruses were finally propagated once in MDCK cells.
HK156-E3 clones L7-4-1 and D5-7-1 were prepared
through three sequential plaque purification in CE cells,
and seed viruses were finally propagated once in allan-
toic cavities of 10-day-old embryonated hens’ eggs. The
viruses used in this study and their passage histories are
436 HIROMOTO ET AL.listed in Table 3. MDCK cells were cultured in minimal
essential medium (MEM) containing 10% fetal calf serum
(FCS). Primary CE cells were prepared from 5-day-old
embryonated hens’ eggs and maintained in MEM with
5% FCS.
All experiments with live HK156 virus were carried out
in a BL3 laboratory at the National Institute of Infectious
Diseases (Tokyo, Japan), and research personnel were
administered amantadine for prevention against infec-
tion as prescribed by a physician.
Animal experiments
Five-week-old specific pathogen-free (SPF) female
ddY mice (Japan SLC Inc., Shizuoka, Japan) were used in
all experimental infections. Before infection, mice were
anesthetized by intraperitoneal administration of pento-
barbital sodium (Nembutal) and inoculated i.n. or i.c. with
10 or 50 ml of virus suspension, respectively, diluted in
PBS containing 1% bovine albumin. The 50% mouse
lethal dose (MLD50) titers and survival experiments were
determined by i.n. inoculation of groups of five mice with
serial 10-fold virus dilutions that were observed until 13
or 14 days postinfection (p.i.).
To determine virus infectivity in organs, mice were
infected i.n. or i.c. with 2 3 105 and 1 3 104 pfu of viruses,
respectively. Mice were sacrificed at 2, 4, and 6 days p.i.,
and organs were removed in the order of brain, kidney,
liver, and lung. Each organ was homogenized to make
10% homogenates (w/v) in PBS and frozen at #83°C until
plaque titration. Virus titers in organs were determined in
MDCK cells in the presence of trypsin and incubated for
2 days at 37°C, followed by calculation of pfu values on
the next day.
Sequence analysis
Viral RNA was extracted from culture fluid of MDCK
cells, allantoic fluids, or mouse brain homogenates with
RNeasy extraction kit (Qiagen Corp., Chatsworth, CA).
RT–PCR was performed using a modified protocol of a
commercial kit (RT–PCR kit with avian myoblastosis virus
reverse transcriptase, version 2.1; Takara, Kyoto, Japan)
as described previously (Lindstrom et al., 1998). RT re-
actions were performed using a previously described
universal influenza A primer (59-AGCAAAAGCAGG-39)
(Zou, 1997). Resultant cDNAs were used in all subse-
quent PCR amplifications of overlapping cassettes cov-
ering the entire protein coding domain of all genes by
using the following thermocycler program: initial dena-
turation at 94°C for 2 min followed by 35 cycles of 94°C
for 30 s, 50°C for 30 s, and 72°C for 1 min and a final
extension at 72°C for 10 min. PCR products were purified
with the QIAquick Gel Extraction Kit (Qiagen Corp.) and
sequenced directly with synthetic oligonucleotide prim-
ers using Thermo Sequenase II dye terminator cycle
sequencing premix kit (Amersham Pharmacia BiotechInc.) on a model 377 or 310 (Perkin–Elmer Cetus, Applied
Biosystems Inc., Norwalk, CT) DNA autosequencer.
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